Background: Oxidative stress, the imbalance between pro-and antioxidants, has been implicated in the etiology and pathophysiology of the incidence and mortality of many diseases. We aim to investigate the relations of dietary intakes of vitamin C and E and main carotenoids with all-cause mortality in Japanese men and women. Methods: The Japan Collaborative Cohort Study for Evaluation of Cancer Risk had 22,795 men and 35,539 women, aged 40-79 years at baseline (1988)(1989)(1990), who completed a valid food frequency questionnaire and were followed up to the end of 2009. Results: There were 6,179 deaths in men and 5,355 deaths in women during the median follow-up of 18.9 years for men and 19.4 years for women. Multivariate hazard ratios for the highest versus lowest quintile intakes in women were 0.83 (95% confidence interval [CI], 0.76-0.90; P for trend < 0.0001) for vitamin C, 0.85 (95% CI, 0.78-0.93; P for trend < 0.0001) for vitamin E, 0.88 (95% CI, 0.81-0.96; P for trend = 0.0006) for β-carotene, and 0.90 (95% CI, 0.82-0.98; P for trend = 0.0002) for β-cryptoxanthin. The joint effect of any two of these highly correlated micronutrients showed significant 12-17% reductions in risk in the high-intake group compared with the low-intake group in women. These significant associations were also observed in the highest quintile intakes of vitamin C, vitamin E, and β-carotene in female non-smokers but were not observed in female smokers, male smokers, and non-smokers. Conclusions: Higher dietary intakes of antioxidant vitamins may reduce the risk of all-cause mortality in middle-aged Japanese women, especially female non-smokers.
INTRODUCTION
Oxidative stress, the imbalance between pro-and antioxidants, has been implicated in the etiology, pathophysiology, and increased incidence of many chronic diseases and mortality. 1, 2 Vitamin C, vitamin E, and carotenoids are essential antioxidants in diet and may prevent oxidative damages by free radicals. [3] [4] [5] Observational studies in populations reported that higher dietary intake of vitamin C, [6] [7] [8] [9] vitamin E, 10 and carotenoids, 7, 8, 10 or greater balance of antioxidant scores 4, 11 have been associated with decreased risk of all-cause mortality; however, these relationships were not confirmed in many studies for individual dietary nutrients, such as vitamin C, 2, 5, 10, 12, 13 vitamin E, 5, 7, 12, 13 and β-carotene. 5, 12, 13 In addition, smokers can be at risk for anti-= pro-oxidant imbalances of body tissues due to the excessive oxidants and free radicals from cigarette smoke. 11 Fewer studies have been carried out to measure the association between antioxidants and the risk of all-cause mortality in Asian populations. 9 Antioxidants and other micronutrients are rich in Japanese foods, such as fruits, vegetables, and green tea. 14 The JACC Study reported that higher dietary intake of potatoes, spinach, or garland chrysanthemums was associated with reduced risk of all-cause mortality in both men and women, and that higher intake of carrot or pumpkin was associated with reduced risk of all-cause mortality in women. 15 Favorable effects of fruits and vegetables could in part be driven by high antioxidant nutrients. 16 The JACC Study also reported inverse associations of dietary vitamin C and E intakes with mortality from cardiovascular disease (CVD).
14 Although that report did not include carotenoids, serum beta-carotene was associated with cancer and all-cause mortality in a subpopulation of the JACC Study. 17, 18 In spite of these reports, the overall association between dietary nutrients and all-cause mortality has not been comprehensively examined in the JACC Study. In this report, we aim to assess the relations of individual dietary intakes of antioxidant nutrients, namely vitamin C, vitamin E, and main carotenoids, as well as additive or synergistic properties in the combination of them, with all-cause mortality in Japanese men and women. Furthermore, we examined effect modification by smoking in groups defined according to dietary micronutrient intakes.
METHODS

Study cohort
The JACC Study is a cohort study that comprised a nationwide community-based sample of 110,585 persons (46,395 men and 64,190 women), aged 40 to 79 years during the baseline period (1988) (1989) (1990) , from 45 communities of Japan. Participants completed self-administered questionnaires about their lifestyles and medical histories of previous CVD or cancer. Previous publications have described the methods in detail. 19, 20 In this study, we excluded persons who reported a history of CVD or cancer at baseline (2,488 men and 3,187 women). We further excluded those with incomplete answers for the foods mainly contributing to dietary intakes in the food frequency questionnaire (FFQ) (20,742 men and 25,386 women) and those answers with implausibly high or low total energy intakes (370 men with energy intake <800 or >4,000 kcal=d and 78 women with energy intake <500 or >3,500 kcal=d). 21 Ultimately, we included 22,795 eligible men and 35,539 eligible women from 45 communities in this study. The JACC Study was approved by the Ethics Boards at the Osaka University School of Medicine and the Nagoya University School of Medicine. Informed consents were obtained before participants completed the questionnaire or from community leaders instead of individuals. 20 
Mortality
In each community, investigators conducted a systematic review of death certificates through the end of 2009, except in four areas where the follow-up had ended in 1999, another four areas where follow-up ended in 2003, and two areas where follow-up ended in 2008. In Japan, registration of death is legally required and is considered to be followed across Japan. In this cohort, all deaths occurred were ascertained by death certificates from a public health center, except for those who died after they had moved from their original communities, which were treated as censored when they moved out. The date of moving from the community was verified by population-register sheets. In total, there were 1,166 (5.1%) men and 2,191 (6.2%) women moved out of study areas during the follow-up period.
Baseline questionnaire
The FFQ included 33 food items, with five choices for frequency of intake offered for each item. 22 The amount of vitamin C, vitamin E, and main carotenoids that each food item contained was estimated based on the enlarged fifth version of the Japan Food Table. 23 The amount of antioxidant nutrients were then calculated by multiplying the frequency scores by the estimated intakes of vitamin C (ascorbic acids), vitamin E (α-tocopherol), and carotenes from each food and summing across all 33 items, as has been validated previously. 22 Intakes of tested antioxidant nutrients were adjusted for energy intake using the nutrient residual model. 24 The mean energy-adjusted intake of vitamin C was underestimated by 30%, according to the validation study that compared them with dietary records in a subsample (n = 85, mostly female). 22 Spearman's correlation coefficient between vitamin C derived from the FFQ and dietary records was 0.38 for crude intake and 0.27 for energy-adjusted intake. 22 
Statistical analysis
Person-years of follow-up were counted from the date of the survey until the time of death, the date of moving out of a study area, or the end of 2009, whichever came first. The mortality rates were calculated according to quintile intakes of energy-adjusted nutrients based on men and women cohorts, separately. Spearman correlations were performed to assess the collinearity among covariates, and participants' characteristics were shown according to quintiles of vitamin C intake. Hazard ratios (HRs) with 95% confidence intervals (CIs) were computed with adjustment for age and other potential risk factors with Cox proportional hazards models, using the lowest quintile intake group as reference. The confounding factors included baseline body mass index (BMI; <20, 20 to <25, 25 to <30, and ≥30 kg=m 2 ), smoking (never, former, current <20 cigarettes=d, and current ≥20 cigarettes=d), alcohol drinking (never, former, and current), daily walking time (never, 30 min to <1 h, and ≥1 h), weekly physical activity (never, 1-2, and ≥3 h), education years (<6, 6-10, 11-13, and >13 y), daily vitamin supplement using (no or yes), and menopausal status (no or yes [for women only]). Interaction was tested by including the factors of interest and the cross-product term in multivariate models. 25 Associations of joint intakes of studied antioxidants with risk of all-cause mortality were measured using cross-products of tertile intakes of two antioxidants, which were categorized as low (both in tertile 1), intermediate (both in varying tertiles), and high (both in tertile 3). 26 We ascertained doseresponse trends by assigning median values to each exposure category and modeling these variables as continuous variables. 27 Stratified analysis was performed for smoking status (current, former, and never) in participants. We used SAS version 9.4 (SAS Institute Inc, Cary, NC, USA) for the analyses. All probability values for statistical tests were two-tailed, and P values less than 0.05 were considered statistically significant.
RESULTS
For tracking intakes of antioxidants, baseline characteristics of covariates in the study population were presented according to the energy-adjusted quintile intakes of vitamin C in Table 1 . Smoking, alcohol consumption, weekly physical activities, and education level were higher in men than in women, while dietary intake of vitamin C, daily vitamin supplement use, and intakes of vegetable and fruit were higher in women than in men. Both in men and women, the vitamin C amount increased as intakes of vegetables and fruits increased. As the intake of vitamin C increased, the population of current smokers in men was decreased while the population of former smokers in men was slightly increased. Similar situations for current male smokers were observed according to other vitamins (data not shown). During a median follow-up of 18.9 years for 22,795 men and 19.4 years for 35,539 women, 6,179 and 5,355 deaths in men and women, respectively, were documented. Table 2 shows the ranges and medians of dietary intake of antioxidant micronutrients, the number of deaths, followed Ma E, et al. person-years, and the associations between individual antioxidant nutrient intake and all-cause mortality in men and women, respectively. Comparing with women, men had lower intakes of vitamin C, α-carotene, β-carotene, and β-cryptoxanthin for each quintile. The correlation coefficients among vitamin C, vitamin E, α-carotene, and β-carotene (not shown in tables) ranged from 0.57-0.85 in men and from 0.52-0.84 in women, and the correlation coefficient between vitamin C and β-cryptoxanthin was 0.73 in men and 0.72 in women; lower coefficients were seen between β-cryptoxanthin and vitamin E (0.33 in men and 0.27 in women), α-carotene (0.17 in men and 0.11 in women), and β-carotene (0.24 in men and 0.18 in women).
In the age-adjusted model, higher intakes of vitamin C and β-cryptoxanthin were inversely associated with mortality risk in men, with statistically significant trends. In multivariate analysis, these associations were attenuated without reaching the significance level in the highest quintile (P for trend > 0.05). The association between β-cryptoxanthin intake and all-cause mortality showed a U-shape, with significant lower risk in the intermediate quintiles. In both age-adjusted and multivariate models, the dietary intakes of vitamin C, vitamin E, β-carotene, and β-cryptoxanthin among women were significantly associated with mortality risk, with 10-17% reductions in the fifth quintile compared with the first quintile of intakes (Table 2 ). When we added the dietary intake of fat for adjustment, the associations between studied nutrients and all-cause mortality risk were not altered (data not shown).
There were no statistically significant interactions effects observed between smoking and alcohol drinking, or between smoking or alcohol drinking and any micronutrients, by adding the cross-product in the univariate and multivariate models. Similarly, there were no significant interaction effects on all-cause mortality (P > 0.05) observed for any two of individual nutrients when simultaneously including them with their interaction term in the models. Therefore, Table 3 shows results of main effects from combined categories of two individual nutrients without the interaction term. For the nutrient-mortality associations based on their joint intakes, we observed 3-6% lower risk in the highest vs lowest categories of combined intakes of any two of vitamin C and carotenes in men and 12-17% lower risk in the highest vs lowest categories of combined intakes of any two of vitamin C, E, α-carotene, β-carotene, and β-cryptoxanthin (with distinctively significant trends) in women (Table 3) .
For intensive control of smoking effect, we also conducted stratified analysis by smoking status, and there were no significant associations observed in male current, former, or never smokers (Table 4) . However, statistically significant HRs were seen in the highest compared with the lowest quintiles of vitamin C, vitamin E, and β-carotene in female nonsmokers, but not in female former and current smokers (Table 5 ). Similar estimates were obtained when results were stratified by alcohol drinking (current, former, and never) or BMI (<25 and ≥25 kg=m 2 ): the only significantly reduced risks were observed in female nondrinker or women with BMI <25 kg=m 2 . In female nondrinkers, reduced mortality risk Numbers are mean (SD) unless specified otherwise.
Dietary Micronutrients and All-Cause Mortality When 1,862 (8.2%) men and 3,530 (9.9%) women who used daily supplements of multivitamin, vitamin C, or vitamin E were totally or respectively excluded from the analysis, the results of the associations between individual or combined antioxidant nutrients and all-cause mortality were similar to those in Table 2  and Table 3 (data not shown). Exclusion of deaths (476 in men and 326 in women) in the first 3 years of follow-up did not substantially change the findings. The similar insignificant associations with all-cause mortality were observed in men, except the U-shaped association for β-cryptoxanthin with significant association in the intermediate quintiles (HR 0.90; 95% CI, 0.83-0.98 in the 2nd quintile, HR 0.87; 95% CI, 0.80-0.95 in the 3rd quintile, and HR 0.88; 95% CI, 0.81-0.95 in the 4th quintile; P for trend = 0.032). Meanwhile, more strongly significant associations for vitamin C, vitamin E, β-carotene, and β-cryptoxanthin (P for trend < 0.001) were seen in women (data not shown). In further analysis stratified by smoking status, when removing daily vitamin supplements use, death within the first 3 years of follow-up, or both, these significant associations in women nonsmokers remained, and inverse associations in intermediate quintiles of β-cryptoxanthin in men was also observed (data not shown).
DISCUSSION
In this large prospective cohort study, increased dietary intakes of vitamin C, vitamin E, β-carotene, and β-cryptoxanthin were associated with reduced all-cause mortality in middle-aged Japanese women. These significant inverse associations were prominently observed in female nonsmokers. These results provide evidence in Japanese population that is consistent with the findings from non-Asian population-based cohort studies on vitamin C, 6, 7 vitamin E, 10 α-carotene, 7 β-carotene, 7,10 and β- Dietary Micronutrients and All-Cause Mortality cryptoxanthin. 7 The inverse associations for individual micronutrients and the strong inverse associations for combined dietary intakes of antioxidants may represent joint effects of highly correlated micronutrients. 28 Dietary intakes of vitamin C, vitamin E, and β-carotene were higher in women than those in men in this study. Men tend to underreport their dietary intake when it is ascertained through a FFQ, 29 and women might recall dietary habits better than men, given their traditional roles in buying food and cooking. 2 For dietary habit, individuals who consume more fruits and vegetables may also consume less dietary fat or may be more health-conscious in other ways than individuals who consume relatively few fruits and vegetables. 30 This may be related to the better micronutrient density usually observed in women than in men and to risky lifestyles observed more in men than in women, such as smoking, drinking alcoholic beverages, or being The lowest quintile (Q1) was used as the reference category (HR = 1).
b Adjusted for age, body mass index, alcohol consumption, vitamin supplement use, daily walk, weekly physical activity, education level, study area, and sleep disorder.
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overweight, which are known to decrease β-carotene and vitamin C serum levels. 31 Although these variables were adjusted in the analyses, residual confounders or unmeasured variables could account for the discrepancy. The higher mortality from CVD and non-hormone-dependent cancers in Japanese men compared with women 14, 19 might be partially explain the disparities of associations observed in men and women in this study population. The JACC Study reported the inverse associations of dietary intakes of vitamins C and E with mortality from CVD, 14 dietary intake of α-carotene with mortality from prostate cancer, 32 and serum carotenes with mortality from all cancer, 18 colorectal cancer, 18 and lung cancer. 33 However, the associations of antioxidant nutrient intakes with mortality from all cancer and many other types of cancer need to be further investigated in the JACC Study. 18, 32 Combining all cancer sites may dilute the observed associations regarding specific cancers, and the Dietary Micronutrients and All-Cause Mortality protective effect on all-cause mortality from dietary intakes of antioxidant nutrients may be mainly dependent on reductions in CVD mortality rather than cancer mortality. 9 A Spanish study reported significant lower mortality in those with higher dietary β-cryptoxanthin intake, 7 and, in a Dutch elderly population, significantly higher risk of all-cause mortality was observed in the lower serum β-cryptoxanthin group. 34 Betacryptoxanthin, lutein, and zeaxanthin are oxygenated carotenoids. 34 In our study, the U-shaped association between the dietary intake of β-cryptoxanthin and all-cause mortality in men and null results of an α-carotene-mortality relationship in women may indicate the complex mechanism of carotenoids in antioxidant activities. For instance, β-cryptoxanthin scavenges for free radicals in a polar environment, while α-carotene clears more deep in the lipoprotein cell membrane layer. 35 It is also possible that carotenes are potentially acting as markers for other correlated etiologic factors. 30, 36 It is unclear when these dietary components are most effective in the prevention of disease, although we did not observe any significant interaction effects among studied micronutrients. Whether there is a threshold or dose-response effect, or even a triage effect from carotenoids, may depend on particular outcomes of diseases, including CVD, cancer, metabolic syndrome, or dysglycemia. 37 Nevertheless, these different findings among studies might be due to the disparities of study design, populations, main causes of death, and also food sources or components. 38, 39 Smoking increases the utilization of antioxidant micronutrients on the basis of increased oxidative stress, which contributes to the low plasma antioxidant concentration. 40 The increased oxidative stress enhances the possibility of gene mutations, oxidization of lipids and proteins, and alteration of signal transduction pathways that damage cells. 41, 42 Our study results were consistent with other reports that the dietary intakes of vitamin C, vitamin E, and α-and β-carotene were higher in nonsmokers than in smokers. 43 A study in French women showed that, in never smokers, increasing dietary β-carotene intake was associated with a decreased risk of tobacco-related cancer. 44 Smoking causes oxidative damage in organs, so smokers may benefit from intake of foods rich in antioxidant for reducing the risk of disease occurrences. 11 However, in our study, those insignificant associations both in male and female smokers=former smokers also indicated that the protective effect of antioxidant micronutrients may not be strong enough to counteract the increased oxidative stress from tobacco smoking. 45 Dietary modification should not be considered a substitute for smoking prevention. 25 In this study population, the daily use of vitamin supplement (8.2% in men and 9.9% in women) was lower than in other populations (eg, 61-68% in the United States). 6 Carotenoids, such as β-carotene, may have a possible biphasic response that promotes health when taken at dietary levels but may have adverse effects when taken in higher amounts. 38 Dietary supplements of some carotenoids have been associated with increased risks of degenerative diseases 46 and lung cancer. 47 Studies also found consistent evidence of deleterious effects on all-cause mortality for dietary supplements containing vitamin A, vitamin E, and=or β-carotene. 10, 48 The similar significant inverse associations observed after removing the daily vitamin supplement in this study elucidated that the significant associations of nutrient intakes and all-cause mortality were driven by basic dietary intakes rather than supplements.
The strengths of this study include its prospective cohort design, a large number of deaths during a long follow-up time with sufficient statistical power, multiple adjustments for relevant confounders, and evaluation of an Asian population. The limitations of this study warrant discussion. First, we used an FFQ with only 33 food items to identify intakes of antioxidants, and we used death certificates to define events. The validity of FFQ for intakes of antioxidant vitamins with diet record was not high, and we did not have data about vitamin E and carotene in the validation study. 22 However, the diet misclassification would attenuate findings toward the null in this study, since it is unlikely to be related to the baseline intakes of antioxidant vitamins. Second, the exclusion of missing dietary information may affect generalizability, although it may not greatly affect the significant findings in this study. 22 Third, the possibility of other confounding by unmeasured or incompletely adjusted all-cause mortality risk factors also applies to this study, including the residual confounding by smoking. 25, 36 Fourth, because we only conducted a FFQ survey for baseline dietary intake, changes in vitamin intakes over time were not accessed to examine temporal aspects. 27 Results of this study suggest that dietary intakes of vitamin C, vitamin E, β-carotene, and β-cryptoxanthin were inversely associated with all-cause mortality in Japanese women. These findings are consistent with the notion that intake of fruits and vegetables that are rich in dietary antioxidant micronutrients may be independently or jointly protective against all-cause mortality, particularly in female nonsmokers. Further studies on modified effects from lifestyle factors on the nutrient-mortality relationship are needed.
